A Chemical Looping Combustion (CLC) unit for solid fuels has been designed, erected and operated. The design was based on a thermal power of 20 kW th for in-situ Gasification Chemical Looping Combustion (iG-CLC) or 50 kW th for Chemical Looping with Oxygen Uncoupling (CLOU). Fuel and air reactors are two interconnected circulating fluidized beds reactors, with the coal being fed at the bottom of the fuel reactor to maximize the contact between the volatile matter and the oxygen carrier particles. A carbon stripper has been included between fuel and air reactors to increase the CO 2 capture rates. In this unit, the char particles are separated from the oxygen carrier particles and recirculated to the fuel reactor.
Introduction
In Chemical Looping Combustion (CLC) with solid fuels, the fuel is physically mixed with the oxygen carrier. A scheme of the CLC with solid fuels is shown in Fig. 1 . The oxygen needed for fuel combustion is supplied by an oxygen carrier, normally a metal oxide, which circulates between the so-called fuel and air reactors. In the fuel reactor, the fuel is oxidized to CO 2 and H 2 O, which facilitates CO 2 capture once the water has been condensed. The reduced oxygen carrier is then transported to the air reactor where it is re-oxidized before starting a new cycle. The net chemical reaction and combustion enthalpy is the same as in conventional combustion. CO 2 capture is inherent to this process, as the air is not mixed with the fuel. In the iG-CLC concept coal is fed directly to the fuel reactor and mixed with the oxygen carrier. Steam and/or recycled CO 2 are supplied to the fuel reactor as fluidizing agents. In-situ (v) gasification of coal occurs, generating volatile matter and gasification products, which are oxidized by gas-solid reactions with the oxygen carrier. Gasification is the limiting step for coal conversion. The slow coal gasification rate may cause that the solids stream exiting from the fuel reactor contained some unconverted char together with the oxygen carrier and ash.
Once the unconverted char reaches the air reactor it is burnt with air to produce CO 2 , which could significantly decrease the CO 2 capture efficiency of the process. To increase the residence time of char particles in the fuel reactor, without excessively increasing the reactor size, a carbon separation unit is included after the fuel reactor. This unit can be designed as a carbon stripper, where char particles are separated from the oxygen carrier particles and recirculated to the fuel reactor using their different fluidization properties. In addition, complete combustion of gases from the fuel reactor has not been reached in existing iG-CLC units. Some strategies have been proposed to convert the unburnt compounds. They include an oxygen polishing step to complete gas combustion, the separation and recirculation of unburnt compounds or a secondary fuel reactor in series [3] .
The CLOU concept was developed based on the use of oxygen carrier materials which can release gaseous oxygen and thereby allow the solid fuel to be burnt with gas phase oxygen [4] . These materials can also be regenerated at high temperatures. Complete combustion and CO 2 capture rates close to 100% have been found in a 1.5 kW th CLOU unit due to the fast combustion of coal with gaseous oxygen generated in-situ in the fuel reactor [5] .
2 Design of the 50 kW th CLC unit
Introduction to design
A layout of the CLC unit for solids fuels is shown in Fig. 2 . It is based on two interconnected circulating fluidized bed reactors, the air and fuel reactors, and a carbon stripper, being a bubbling fluidized bed. The carbon stripper improves the carbon capture efficiency by recovering char particles that escape from the fuel reactor. The design includes a double loop seal after the fuel reactor cyclone to split the solids stream before reaching the carbon stripper.
A fraction of solids is allowed to go to the carbon stripper but another fraction is recycled to the riser of the fuel reactor. In this way it is possible to reach one independent control of solid circulation in fuel reactor from the global solid circulation flow. Moreover, the measurement of solids circulation between fuel and air reactors can be performed by means of two diverting solid devices located below the cyclones. was assumed the solid fuel for design calculations. The oxygen carriers have been successfully tested in continuously operated iG-CLC [9, [17] [18] [19] [20] and CLOU units [5, [21] [22] [23] .
For design conditions, the nominal thermal power was 20 kW th for iG-CLC mode and 50 kW th for CLOU mode. The difference of nominal power is because the better performance of CLOU with respect to iG-CLC on the basis of CO 2 capture and combustion efficiency 6 [24] .The solids inventory in the fuel reactor was set to 20 kg in iG-CLC, corresponding to 1000 kg/MW th . This solids inventory value was estimated as the amount of oxygen carrier to balance the trade-off between the increase of pressure drop and the decrease in oxygen demand caused by an increase of solids in the reactor [12, 14] . In CLOU, the same amount of solids corresponded to 400 kg/MW th , which has been considered a suitable value from previous works [5, [24] [25] [26] . Different types of coals, ranging from lignite to anthracite, as well as biomass, can be used as fuel. Mass balances, fluid dynamics considerations and the performance of the fuel reactor predicted by a theoretical model previously developed [13] were taken into account for the design of the CLC unit. The solids circulation flow rate, reactor temperatures, solids inventory in the fuel reactor, steam requirements and air flow were determined. Design of the carbon stripper, loop seals, and the cyclone system was also considered. 7 The design was done on the basis of the operation both in iG-CLC and CLOU modes. The solid fuel feeding point was just above the distributor plate in the fuel reactor. It is intended to convert the fuel to CO 2 and H 2 O, minimizing the unburnt compounds. To maximize the solid fuel conversion, the fuel reactor temperature was assumed to be 1000 ºC in iG-CLC [9, [12] [13] [14] 17] and 950 ºC in CLOU [5, 21, 23] . The CLC unit is not expected to be auto-thermal due to heat losses associated with the unit size. The fuel reactor, air reactor, carbon stripper, and loop seals are electrically heated by independent furnaces.
Design parameters
The dimensions of the reactor are defined by the design values of the pressure drop, solids inventory and gas velocity. Design data are shown in The fuel reactor can be fluidized by H 2 O, CO 2 or mixtures of these gases. The gas flow fed to the bottom part of the fuel reactor was fixed in order to operate with a gas velocity in the bottom bed just above the terminal velocity of oxygen carrier particles; see Fig. 3 [27] . When the gases from coal conversion together with the gas stream from the carbon stripper were considered, the gas velocity was estimated to be 4 m/s in iG-CLC and 5.5 m/s in CLOU.
Under these conditions, the solids flux to the fuel reactor cyclone was estimated to be 30 in CLOU. Stoichiometric conditions were defined by a value of the oxygen carrier to fuel ratio  = 1. The  parameter was defined as the flow of oxygen available in the circulating solids stream divided by the flow of oxygen required to achieve complete fuel combustion.
The maximum oxygen carrier to fuel ratio achievable in the CLC unit was estimated to be  = 4. However,  values between 1 and 2 are preferable to maximize the CO 2 capture rate. For design conditions  was selected to be 2, which means that the solids circulation flow to the air reactor must be lower than the solids flow exiting the fuel reactor. Thus, the double loop seal (LS-D) must be operated to direct the solids circulation towards the carbon stripper, and subsequently to the air reactor, at the desired value. The LS-D system is designed in order to divide the solids stream from the fuel reactor cyclone in two: (1) solids to the carbon stripper, and then to the air reactor, in order to fulfill the required solids circulation flow rate between air and fuel reactors; and (2) excess of solids was recirculated to the fuel reactor. In this way, the residence time of solids, including unconverted char particles, is maximized whereas the solids circulation flow rate between the air and fuel reactors was guaranteed. The use of a double loop seal was considered to be an improvement with respect to existing CLC units for solid fuels. Another important feature is the possibility to have a direct measurement of the solids flux exiting from both the fuel and air reactors by means of the respective solids circulation measurement devices. 
Air reactor
In the air reactor, the oxygen carrier is regenerated with air. The air reactor was designed to achieve complete oxidation of the oxygen carrier (mean residence time t mr = 700 s), but to guarantee the solids circulation flow rate. To achieve this, a wide bottom bed is followed by a narrow riser. The air flow is set with a 10% excess with respect to that needed to burn the fuel fed in the fuel reactor. A low gas velocity was chosen in the bottom bed (0.4 m/s in iG-CLC)
to operate in the bubbling fluidization regime. The gas velocity increases up to 4 m/s in the riser due to the decrease in diameter, which allows operation in the fast fluidization regime; for  = 2, which can easily be reached under these conditions. The solids flux in the air reactor is determined by the solids flux entering from the carbon stripper, which depends on the double loop seal operation.
Higher velocities are required in CLOU, 0.9 m/s in the bottom bed and 9 m/s in the riser, because the unit is designed for a higher thermal power in this mode.
Cyclones and Loop seals
Solids entrained from the air and fuel reactors are separated by respective cyclones and sent to the next element in the CLC unit. The dimensioning of the cyclone is based on a high efficiency standard cyclone with a gas velocity at the cyclone inlet of 15 m/s [29] .
Loop seals were included in order to balance the pressure between two connected elements.
Thus, the length of the low pressure side of each loop seal is determined by the pressure balance in the system, as shown in 
Relevant parameters in evaluation of coal combustion in the CLC unit
The evaluation of the iG-CLC unit was done based on carbon and oxygen balances. Carbon in the fuel can be released in volatile matter, gasified in the fuel reactor, burnt in the air reactor, or elutriated in unconverted char particles escaping from the fuel reactor cyclone. The elutriated char flow (F C,elut ) has been defined as the difference between the carbon feeding into the fuel reactor and the carbon in the fuel and air reactor exhaust gas streams; see Eq. 1.
The fraction of carbon in coal converted both in the fuel and air reactor is evaluated by means of the solid fuel conversion ( SF  ), which can be calculated by means of Eq. 2.
The solid fuel conversion is the relation between the total flow of gaseous carbon leaving both fuel and air reactors and the total flow of carbon fed into the fuel reactor from solid fuel. Unconverted carbon in the iG-CLC unit was elutriated in partially converted char particles.
To evaluate the performance of the iG-CLC operation, relevant parameters are used in accordance to previous works [3, 12-14, 18-20, 24, 31,32] .
The CO 2 capture efficiency ( CC  ) has been defined as the fraction of the carbon introduced that is converted to gas in both the fuel and air reactors (Eq. 3).
The CO 2 captured in the unit is the addition of the carbon contained in the volatile matter and the carbon from char gasification. Therefore, the CO 2 capture efficiency calculated according Eq. (3) depends on the fraction of char that has been gasified.
The char conversion in the fuel reactor ( , Char FR X ) is defined as the fraction of fixed carbon converted to gas in the fuel reactor. The calculation of the char conversion was corrected to consider the elutriated char, i.e. the fraction of char particles that was not recovered by the fuel reactor cyclone; see Eq. 4. Thus, the denominator in Eq. 4 was calculated as the fixed carbon in coal discounting the elutriated char. In this way, a proper evaluation of the char conversion potential in the fuel reactor can be done, as it was previously described [31, 32] by considering only the amount of char having the chance to be converted in the CLC unit.
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The volatile matter carbon flow was calculated from the ultimate and proximate analysis of the coal as the difference between the total carbon and the fixed carbon; see Table 2 .
Besides the coal gasification, the fuel reactor must oxidize the gasification products to CO 2 and H 2 O. The conversion of gasification products was evaluated by means of two parameters:
the combustion efficiency in the fuel reactor,  c,FR , and the total oxygen demand,  T . The combustion efficiency in the fuel reactor was defined as the fraction of oxygen demanded by the coal converted in the fuel reactor, i.e. volatile matter and gasification products, that is supplied by the oxygen carrier in the fuel reactor:
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The combustion efficiency in the fuel reactor is related to the oxygen demand,  OD , defined by other authors by  c,FR = 1 - OD [9, 17] .
Finally, the total oxygen demand, T  , is defined as the fraction of stoichiometric oxygen required to fully oxidize the unconvertered gases exiting the fuel reactor to CO 2 and H 2 O with respect to the stoichiometric oxygen demanded by the solid fuel fed.
Mathematical predictions in the 50 kW th CLC unit for solid fuels
The performance of the CLC unit with coal as fuel was simulated by using theoretical models for iG-CLC and CLOU previously developed and validated against experimental results in 100 kW th iG-CLC and 1 kW th CLOU units [12, 25] . "El Cerrejón" Colombian bituminous coal was assumed to be the fuel, which was used in previous experimental works [24] . Fig. 5 shows the CO 2 capture efficiency and the oxygen demand predicted in the CLC unit as a function of the carbon stripper efficiency separating unconverted char particles from the oxygen carrier stream. The oxygen demand was defined as the ratio of oxygen flow required to fully oxidize unconverted gases from the fuel reactor to the stoichiometric oxygen flow for complete coal combustion.
Because of the slow rate of coal gasification, a highly efficient carbon stripper is key to reaching high CO 2 capture rates in iG-CLC mode. Moreover, complete combustion was not predicted in the fuel reactor. The total oxygen demand increases as the fuel conversion in the fuel reactor increases due to the increase of the char conversion with the carbon stripper efficiency. Thus, a greater amount of gases is produced in the fuel reactor by char gasification. Assuming the conversion of volatile matter was roughly the same regardless the char converted, the increase in the  T is due to a higher amount of gasification products to be oxidized as the carbon stripper efficiency increased. Therefore, an increase in the carbon stripper efficiency will increase the total oxygen demand [14] . The total oxygen demand predicted in iG-CLC increased from 3% to 10% when the carbon stripper efficiency increases from 0 to 1.
The estimated CLOU performance was much better than that predicted for iG-CLC. Complete combustion was predicted even when the fuel power was higher (50 kW th ) compared to the value assumed for iG-CLC (20 kW th ). The fast coal conversion in CLOU via combustion with gaseous oxygen evolved from the oxygen carrier makes it possible to achieve CO 2 capture rates greater than 95% even if poor carbon stripper performance was assumed. These predicted differences between iG-CLC and CLOU agree with results previously described from experimental works in a 1 kW CLC unit [24] . 
Performance during coal combustion in iG-CLC mode

Materials used and experimental procedure
An experimental campaign in this CLC unit was conducted using ilmenite as oxygen carrier and a South African bituminous coal. Ilmenite particles diameter was +0.1-0.3 mm. Table 2 shows the main characteristics of coal used, which was ground and sieved in order to use particles in the 0.1-0.3 mm interval. The proximate and ultimate analyses of coal were obtained using stabilized coal exposed to the atmosphere. Stabilized coal was the same which was used in the experiments. In this way, the humidity of the coal was not varied during the experiments carried out for several days. Table 3 shows the main operating conditions used in the CLC unit. The temperatures of the fuel reactor and carbon stripper were varied while the temperature of the air reactor was maintained at about 950 ºC. In addition, pressure drop in fuel reactor for test 1 was higher than for tests 2-4, which was related to a higher amount of solids with the temperature drop.
The fuel reactor and carbon stripper were fluidized with steam, although N 2 was used in the loop-seals. The coal feed rate and solids circulation rate were 1.8 and 101 kg/h, respectively, during all tests. These values corresponded to a thermal power of 12.5 kW th and an oxygen carrier to fuel ratio of  = 1.1. 
Results and discussion
Fig . 6 shows the evolution of the temperatures and gas concentrations in both the fuel and air reactors during heating and start-up until steady state was reached for the operating conditions of Test 4; see Table 3 . During initial electrical heating all reactors were fluidized with air.
After the desires temperatures in the fuel and air reactors were reached, the fluidizing gas was changed to steam in both the fuel reactor and carbon stripper. Then the coal feeding into the fuel reactor was started and the combustion by iG-CLC began. Steady operation was quickly reached, with roughly constant concentration values of CO 2 , CO, H 2 and CH 4 . Table 4 shows the main relevant results obtained in the iG-CLC during the South African coal combustion. Fig. 7 shows the CO 2 capture and total oxygen demand values according to the Tests summarized in Table 4 .
The solid fuel conversion was very similar with values between 80 and 87% during all tests.
The CO 2 capture values increased when the temperature increased reaching a value of 88% when the fuel reactor temperature was 991ºC. Thus, the fuel reactor temperature has a high impact on the char conversion, even more considering that the solids inventory in the fuel reactor decreased when the temperature increased; see Table 3 . The char conversion into the fuel reactor increased from 51% at 905 ºC to 84.7% at 991 ºC. It is believed that the effect of the decrease in the solids inventory with temperature (see Table 3 ) is of lower relevance than the effect of the increase in the temperature, especially for tests 2, 3 and 4. Likely, a lower gas flow in test 1 at 905ºC, due to a lower fuel conversion, allowed a higher amount of solids in the fuel reactor. . In addition, the oxygen demand would be decreased by increasing the solids inventory above 500 kg/MW th . An optimum value of the solids inventory considering the balance between the increase in the pressure drop and the improvement on combustion efficiency was estimated to be about 700-1000 kg/MW th [12] [13] [14] .
The CO 2 capture rate increased with fuel reactor temperature, and a value of 88% at 991ºC was found. This value could be increased by increasing fuel reactor temperature or optimizing operation in carbon stripper; see Figure 5 . Nevertheless, the efficiency of the carbon stripper could not be calculated at this time. Theoretical simulations can be used in order to estimate the efficiency of the carbon stripper [12] . When comparing the total oxygen demand for the same results of CO 2 capture rate, i.e. 85% at 990ºC, we obtained  T = 7.5% in the experiments and  T = 7.3% from predictions in Figure 5 , which was a good agreement. For this case, the predicted carbon stripper efficiency was 96%.
Thus, from results obtained in this work is recommended for industrial application a solids inventory higher than 500 kg/MW th to reduce the total oxygen demand of the process, and a high temperature in the fuel reactor (close to 1000ºC) as well as a highly efficient carbon stripper to improve the CO 2 capture rate [34] . Considering the required cross-section area and pressure drop in the fuel reactor, the proposed design will allow the operation with the recommended solids inventory [28] . Also, a double loop seal, which was used to control the flow of solids to the carbon stripper and air reactor, is an extended technology in the industry to split a flow of solids.
Future work will be performed in order to optimize coal conversion in the iG-CLC operation by improving the carbon stripper operation and by increasing the amount of solids in the fuel reactor. Also, operation in CLOU mode is planned using an oxygen carrier with oxygen uncoupling property, e.g. based on copper or manganese.
Conclusions
A CLC unit for solid fuels was designed to operate in both iG-CLC and CLOU modes. The unit includes a fuel reactor, an air reactor and a carbon stripper. The use of a double loop seal below the fuel reactor cyclone allows the solids circulation flow rate to be controlled independently of the solids inventory in the fuel reactor. Initial experiments carried out by iG-CLC burning a bituminous coal with ilmenite showed high CO 2 capture efficiencies with low oxygen demands for the gases coming from the fuel reactor, in accordance with a model developed for this system. The fuel reactor temperature strongly influenced char conversion, increasing the CO 2 capture when temperature was increased. Oxygen demand was barely affected by fuel reactor temperature. 
Acknowledgment
